In this paper, we present a fast frequency tracking algorithm for orthogonal frequency division multiplexing (OFDM) applications. Based on a novel cost function of the carrier frequency offset (CFO), an improved gradient method is proposed to construct the recursive formula. The modified S curve is also employed for the purpose of accelerating frequency tracking. Performance of the proposed algorithm is investigated analytically as well as by simulation. In comparison to the previous methods, the proposed method has faster tracking speed, larger tracking range and lower implementation complexity.
INTRODUCTION
Orthogonal frequency division multiplexing (OFDM) has been suggested and standardized for a variety of applications such as terrestrial and satellite digital. audio broadcasting, digital television broadcasting and wireless local area networks. As a broadband transmission scheme of high spectral efficiency, OFDM is robust against many channel impairments [ 11, and thereby significantly reduces the complexity of receivers. However, OFDM is susceptible to the carrier frequency offset (CFO) arising from transceiver oscillator mismatches and/or Doppler shifts, which may lead to the loss of subchannel orthogonality and the severe degradation of system performance [2] . Therefore, frequency synchronization is one .of the fundamental tasks performed by OFDM receivers. Generally, the process of frequency synchronization is split into an acquisition mode and a tracking mode, and different algorithms are employed in these two modes to accommodate their different requirements [3-81. In this paper, we only address the issue of frequency tracking.
In [6] , a feedback frequency synchronizer based on maximum-likelihood principle is discussed by Daffara and Chouly. The computation load of this method is heavy due to the two Fast Fourier Transform (FFT) operations required by each iteration. Another frequency tracking scheme is introduced by Daffara and Adami in [7] , which exploits the redundancy associated with the cyclic prefix. In comparison with [6] , the computation burden of [7] is reduced but the tracking range is decreased as well. In [8] , Morelli, D'Andrea and Mengali make different mathematical approximation to the cost function developed by [6] and obtain a simplified recursive formula. Due to the narrow convexity region of their cost function, the tracking range of both [7] and [8] is limited to a fraction of the subchannel spacing. Additionally, their tracking speed is relatively slow as 'a result of the non-uniform restoring force of their S curve.
In this paper, a fast frequency tracking algorithm with larger tracking range and lower implementation complexity is proposed. Based on the CFO-induced phase rotation, a novel cost function about the CFO is developed, and the issue of frequency tracking is simplified into the recursive maximization of this cost function. To accomplish fast frequency synchronization, methods for accelerating the tracking process are also discussed.
The rest of this paper is organized as follows. Section 2 describes the system model and discusses the formulation of the novel cost function. Section 3 presents the new frequency tracking algorithm. Perfonnance analysis of the proposed algorithm is conducted in Section 4. Finally, conclusions are drawn in Section 5. Equation (1 1) is normalized and plotted in Fig.3 for fdTE [-I, 13 . It is noted that this S curve has a similar shape to those presented in [6- 81. An obvious drawback associated with these S curves is that their magnitude is not uniformly distributed over the tracking range and decreases monotonically when Ifd goes beyond the frequency locations of their local extrema. Consequently, even if fd beyond such thresholds can be tracked, the tracking process is lengthy due to the small restoring force of Syb) at the beginning. Actually, this situation often occurs when the tracking mode first takes over from the acquisition mode.
To circumvent this drawback, we propose to modify the S curve by Fig.3 for a=0.01,0.2 and 2. The choice of ~0 . 2 results in a close to ideal S curve (square wave), whereas the curves for 0t-0.01 and 0t-2 reflect two nonideal cases resulted from inappropriate choice of a.
Inserting (13) into (7) finally leads to the feedback frequency tracking algorithm proposed in this paper:
In contrast to [6] and [SI, no FFT operation is involved in generating the error signal Vk as well as the modification factor a&). Combining (8), (12) and (14), it is found that each iteration of the proposed algorithm requires a total of (4N+9) real multiplications and (4N+2) real additions. Consequently, the implementation complexity of the proposed method is much lower than that of [6] and [8] . 
PERFORMANCE ANALYSIS

Tracking Range
Let fhax and f&,, denote the upper and lower frequency bound within which the tracking algorithm is effective, and the tracking range can then be given by f&-fdmin.
To find the tracking range of the proposed algorithm, we substitute (1 3) into (1 2) and obtain For (15), the first pair of zero-crossing points with opposite signs are located at fhax=T-l and f&,,=F -'. Therefore, the tracking range of the proposed algorithm is T-'-(-T-*)=2TL, which equals twice the symbol rate of the OFDM system.
. . To compare the tracking range of the proposed algorithm and other feedback schemes [6-81, their normalized S curves are all shown in Fig.5 . It can be seen from this figure that the proposed algorithm has significantly larger tracking range than previous methods that can track CFO in a fraction of the subchannel spacing only.
Transient Tracking Behavior
To illustrate the efficacy of the modified S curve s"u&>, simulations are carried out to compare the performance of algorithm (7) and algorithm (14). Unless otherwise stated, 074.2 is employed by the reshaping function given by (13) in the following simulations. 
N=512.
It can be observed from Fig.6 that (14) settles to the steady state much faster than (7), which demonstrates the modified S curve sy&) has faster tracking speed than its counterpart Sy&) due to its more uniform restoring force.
Steady-State Tracking Behavior
In order to analyze the steady-state tracking behavior of the proposed method,Vk is split into a deterministic part SY-, , ) and a random part Gk . Hence, (14) can be rewritten as where Gk can be expanded into (27) Equation (23) indicates the proposed method is unbiased. Besides, the normalized variance of steady-state frequency jitter [8] , can be obtained by o ;~~ =T'o;, .
(28) The steady-state tracking behavior of those algorithms in [6-81 can also be evaluated by invoking the linearization approach above. Fig.7 shows G ; ,~, the normalized variance of frequency jitter, as a function of EnV, for the proposed algorithm and those presented by [6-81 over the AWGN channel. The subchannel utilization efficiency [6- 81 is assumed to be 1 and the number of guard interval samples [7] is set to 50. The other system parameters used in this simulation are the same as those in obtaining Fig.6 . Monte Carlo (MC) simulation is also carried out to calculate the time average of G ; ,~ and the simulation result of lo4 runs is represented by circles in Fig.7 . Examination of this figure indicates that the MC simulation result agrees well with the analytical analysis (28). Moreover, the proposed method has smaller variance than [6] and [7] , and its accuracy is comparable to that of [8] .
.- 
CONCLUSION
In this paper, a fast feedback frequency tracking algorithm has been proposed for OFDM applications. A novel cost function of CFO has been developed and a simple type of differential filtering steepest descent method has been selected to construct the recursive formula. To further accelerate the speed of frequency tracking, the modification of S curve has been discussed and a simple but effective reshaping function has been derived. Performance of the proposed method has been analyzed and compared with previous feedback schemes presented by [6-81. 
